INTRODUCTION
Animal-attached data loggers have been used for some time along with other telemetry methods to monitor the movements of aquatic animals in their natural environment (e.g. Cooke et al. 2004 , Naito 2004 , Ropert-Coudert & Wilson 2005 . In particular, data loggers including a 3-axis accelerometer and occasionally a 3-axis magnetometer have been used to monitor the attitude and dynamic acceleration of aquatic animals (see Fig. 3 ) (e.g. Oliver 1995 , Davis et al. 1999 , Johnson & Tyack 2003 , Wilson et al. 2008 . Such information can, in turn, be used to assess behavior (e.g. Yoda et al. 2001 , Kawabe et al. 2003 , Shepard et al. 2008b , Whitney et al. 2010 ) and 3-dimensional trajectories , Elkaim et al. 2006 , Wilson et al. 2007 , Shiomi et al. 2008 . Using combined absolute dynamic acceleration values in the 3 axis directions, overall dynamic body acceleration (ODBA) has been calculated as a proxy for the energy expenditure of a large variety of animals in the field (e.g. Wilson et al. 2006 , Halsey et al. 2009 , Gleiss et al. 2010 ) based on the observation that ODBA is strongly correlated with the rate of oxygen consumption.
Because the motion of a rigid body in 3-dimensional space can be described by 6 degrees of freedom (DoF) forces, composed of 3 components of attitude ABSTRACT: A novel method (the 'gyro method') was developed to monitor the attitude and dynamic acceleration of free-moving aquatic animals with high precision and temporal resolution (100 Hz) using a new type of animal-attached data logger with a 3-axis gyroscope, a 3-axis accelerometer, and a 3-axis magnetometer. The gyro method was applied to green sea turtles Chelonia mydas in both tank and open-sea experiments, and the data for 2 types of activity (steady swimming and breathing) were compared to those obtained by a conventional method with only an accelerometer and a magnetometer, using low-pass filtering or running mean smoothing to determine gravity-based acceleration. Significant differences (mean ± SD: 0.034 ± 0.012 g and 1.964 ± 1.090° for steady swimming) were found in the reconstructed gravity-based acceleration and attitude between the gyro method and the conventional method. The gyro method reconstructed the fluctuation in attitude associated with the power stroke of the sea turtles, which was not documented by the conventional method. Additionally, the dynamic acceleration determined by the conventional method differed from the true dynamic acceleration, whereas the gyro method was able to reconstruct any attitude change (and therefore dynamic acceleration) without using the vague criteria involved with low-pass filtering or running mean smoothing in the conventional method. Hence, our new method will be useful for accurately measuring kinematics and movement performance involving complicated changes in motion, such as foraging for prey and escaping from predators, or the interactions of endangered species with fishing gear.
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Resale or republication not permitted without written consent of the publisher change (pitch, roll, and yaw) and 3 components of dynamic change (surge, sway, and heave), monitoring the attitude and dynamic acceleration means monitoring all 6 DoF forces acting on an animalattached data logger (see Fig. 2 ). However, it is impossible to precisely estimate attitude and dynamic acceleration using only an accelero meter and magnetometer because gravity-based acceleration and dynamic acceleration, which are both measured by an accelero meter, cannot be separated using only these sensors.
Previous studies have determined the gravitybased acceleration component of accelero meter measurements by the frequency-based filtering method (e.g. Tanaka et al. 2001 or the running mean smoothing method (e.g. Wilson et al. 2006 , Shepard et al. 2008a ). The frequency-based filtering method assumes that lower frequency components of the power spectral density (PSD) correspond to changes in gravity-based acceleration, where as higher frequency components correspond to changes in dynamic acceleration, and low-pass filtering is applied to extract gravity-based acceleration (Tanaka et al. 2001 . Mean power stroke frequency has been adopted as a cut-off value for low-pass filtering to extract frequency components lower than the mean power stroke frequency (Tanaka et al. 2001 . In the smoothing method, it is assumed that running mean acceleration, calculated by averaging the data on either side of a mid-point using equal weighting, corresponds to gravity-based acceleration, and that the remaining signals after smoothing acceleration can be subtracted from the raw acceleration to obtain the dynamic acceleration (Wilson et al. 2006 , Shepard et al. 2008a ). However, the arbitrary cut-off value for frequency-based filtering and the arbitrary running mean period for smoothing may result in some animal movements being overlooked. Shepard et al. (2008a) examined ODBA variability by smoothing with different running mean periods for a variety of species and modes of locomotion (flying, walking, and swimming), and established a robust method for determining the running mean period for the calculation of ODBA. However, that study was not based on true attitude and dynamic acceleration information for animals.
Accurate attitude and dynamic acceleration data are important for assessing locomotor performance in aquatic animals. In particular, estimating the turning radius to evaluate maneuverability in a dead-reckoning system requires attitude information in addition to speed information. However, when attitude changes quickly, for example in a predator-prey context, a 3-dimensional trajectory estimation based on the conventional method might not be correct. This is because animals might display large attitude change and dynamic acceleration, but it is difficult to determine accurate gravitybased acceleration. Furthermore, misdeterminations of pitch and roll affect the yaw value in the conventional method (see Fig. 3 ) (Caruso 2000) . Evaluating maximum dynamic acceleration also requires attitude information to remove the gravity-based acceleration from the accelero meter measurements. Therefore, a method that can precisely reconstruct the attitude and dynamic acceleration of aquatic animals would be useful.
In other scientific domains, such as aerospace and medical engineering, 3-axis gyroscopes have been used to estimate the attitude and gravity-based accel eration of accelerometer measurements (e.g. Roumeliotis et al. 1999 , Trawny & Roumeliotis 2005 , Sabatini 2006 , Fourati et al. 2009 , Lee & Park 2009 . A gyroscope is a sensor that measures angular velocity at high temporal resolution (e.g. 100 Hz to 1 kHz). The time-integration of the angular velocity measured by a gyroscope indicates attitude change. Therefore, if the initial attitude is known, any new attitude can be estimated using initial attitude and the estimated attitude change calculated from the gyroscope measurements. However, when the angular velocity of gyroscope measurements is time-integrated, errors arising from noise and drift of the gyroscope are also time-integrated, producing an error in attitude estimation of a few seconds (e.g. when assuming angular velocity, the estimation error is 0.1° for each measurement and sampling frequency is 100 Hz; thus, attitude estimation error can reach up to 100° in 10 s). Conversely, gravity-based acceleration and magnetic vectors change depending on change in attitude. Therefore, accelero meter and magnetometer measurements, which do not accumulate noise over time, can be used to compensate for attitude estimation errors associated with a gyroscope. Although angular velocity can be estimated using the temporal change in vector directions, determining attitude and angular velocity requires > 2 unit vectors because 1 unit vector has only 2 DoF, compared to attitude with 3 DoF (e.g. reviewed by Markley 1999) . Thus, an accelerometer and a magnetometer have been used in addition to a gyroscope to determine initial attitude and to correct the error when estimating attitude associated with the accumulation of noise from a gyroscope (e.g. Roumeliotis et al. 1999 , Trawny & Roumeliotis 2005 , Sabatini 2006 , Fourati et al. 2009 , Lee & Park 2009 ). Accordingly, it would be possible to monitor the attitude and dynamic acceleration of aquatic animals with higher precision and temporal resolution if all of these sensors are used. In terrestrial animals, Fourati et al. (2011) attached these sensors to a dog and were able to monitor attitude and dynamic acceleration changes that were not detected by the conventional method. However, because the physical environment of the ocean is different from that of the terrestrial environment, it is important to evaluate the effectiveness of a gyroscope for determining attitude and dynamic acceleration in aquatic animals.
In the present study, we adopted a 3-axis gyroscope in addition to a 3-axis accelerometer and 3-axis magnetometer to investigate the difference in attitude and dynamic acceleration estimates from those determined by the conventional method using only an accelerometer and magnetometer in freemoving green sea turtles Chelonia mydas. First, we developed a method for fusing the multiple sensor information to accurately estimate attitude and dynamic acceleration using an extended Kalman filter (EKF). Then, a data logger with a gyroscope, accelerometer, and magnetometer was attached to green sea turtles in captive and field experiments. Attitude and dy namic acceleration of green sea turtles were compared between the 2 methods. Both low-pass filtering and the running mean smoothing methods were examined in the conventional method.
MATERIALS AND METHODS

Data logger description
Acceleration, magnetism, and angular velocity were recorded by a data logger (Logical Product) with a 3-axis gyroscope, a 3-axis accelerometer, and a 3-axis magnetometer to monitor the motions of free-moving green sea turtles. This data logger was rectangular in shape (40 × 20 × 55 mm) with a weight in air of 35 g including an AAA battery. The measurement range was ± 50 g for acceleration, ±1500° s −1 for angular velocity, and ±1 Gauss for magnetism, with a resolution of 12 bits (accuracy is 0.024 g for acceleration, 0.73° s −1 for angular velocity, and 0.49 mGauss for magnetism). This data logger can record all sensor outputs to an internal memory (32 MB) for about 3 h consecutively at 100 Hz. Because the data logger was not waterproof, it was covered with a custom-made rectangular waterproof and pressure-proof case (to 60 m depth, size: approx. 50 × 30 × 65 mm; weight in air: 115 g, including case and data logger).
Method for reconstructing attitude and dynamic acceleration
We applied the indirect-state Kalman filter according to Trawny & Roumeliotis (2005) and created a special program in MATLAB (Mathworks) to reconstruct the attitude and dynamic acceleration from the data obtained by the data logger. We named this system the 'gyro method' (Fig. 1) .
A stochastic modeling approach using an EKF was adopted to integrate the data from the 3 sensors. Attitude was represented in a quaternion form, instead of the Euler angle form, to avoid singularities (Titterton & Weston 2004). The state was represented as 3 vector components of the quaternion estimation error and 3 components of the gyroscope bias estimation error, and an updated error estimate was fed back to the EKF to correct its starting state for the next step calculation (for details see Trawny & Roumeliotis 2005 ). The estimated quaternion was then converted to Euler angles (for the equation, see Titterton & Weston 2004) .
Three coordinate systems were assumed: the Earth, the animal, and the data logger frame (Fig. 2) . First, the attitude of the data logger in the Earth frame (pitch α D , roll β D , and yaw γ D ) was estimated 267 Fig. 1 . Gyro method, using a 3-axis gyroscope, a conventional 3-axis accelerometer, and a 3-axis magnetometer, to reconstruct attitude (pitch, roll, and yaw) and dynamic acceleration (surge, sway, and heave). The algorithm was based on the indirect-state Kalman filter of Trawny & Roumeliotis (2005) using the gyro method. Then the attitude of the animal body (pitch α A , roll β A , and yaw γ A ) was estimated based on the estimated data logger attitude and the known attachment angle (pitch α B , roll β B , and yaw γ B ) of the data logger to the animal using the following equations:
The initial attitude of the data logger in the Earth frame was estimated using the conventional method ( Fig. 3 ) (as described by Caruso 2000 , Johnson & Tyack 2003 , Shiomi et al. 2008 ) based on accelero meter and magnetometer measurements when the data logger was stationary. In the conventional method, magneto meter and acceleration mea surements were also low-pass filtered or running mean smoothed to avoid a mismatched treatment of the acceleration and magnetism data, following Shiomi et al. (2010) .
Accuracy of data logger for estimating attitude and dynamic acceleration
The data logger was attached to the spindle of a motor to test the accuracy of the data logger for attitude and dynamic acceleration estimation. The attitude estimate by the data logger was compared with known attitude changes caused by the motor, rotating at an equal speed (60° s −1 ) to complete 360° of rota tion. Because the motor spindle rotates in only one direction, the attachment angle of the data logger to the motor spindle was changed during each trial so that changes in pitch, roll, and yaw were achieved. The accuracy of the attitude estimate was assessed by calculating the root mean square (RMS) (Triola 2005) of the difference between the estimated attitude by the data logger and the known attitude by the motor. The RMSs of the difference for pitch, roll, and yaw were 0.658, 0.795, and 0.669°, respectively, indicating high accuracy of the attitude estimation. The accuracy of the dynamic acceleration was not tested because it was calculated using gravity-based acceleration, which was based on the attitude estimate. If the attitude was estimated accurately, then the dynamic acceleration estimate should also be accurate. Fig. 3 . Conventional method, using a 3-axis accelerometer and a 3-axis magnetometer, to reconstruct attitude (pitch, roll, and yaw) and dynamic acceleration (surge, sway, and heave). Frequency-based filtering or running mean smoothing methods were used to determine gravity-based acceleration, thereby isolating dynamic acceleration Fig. 2 . Three frames (Earth frame, animal frame, and data logger frame) were assumed here. For the Earth frame, the north-east-down system (Titterton & Weston 2004 ) was adopted, and the coordinate origin was assumed to be fixed on the Earth's surface. Attitude (pitch, α D ; roll, β D ; and yaw, γ D ) of the data logger in the Earth frame was determined using the gyro or conventional methods; the attitude (pitch, α A ; roll, β A ; and yaw, γ A ) of the animal body was then determined using the data logger attitude and the known attachment angle (pitch, α B ; roll, β B ; and yaw, γ B ) of the data logger
Deployment on aquatic animals
The data logger was deployed on 3 juvenile green sea turtles (Turtles A, B, and C) from August 2 to September 14, 2010. Straight carapace lengths and body weights of the experimental turtles were 61.3 cm and 26.6 kg for Turtle A, 69.6 cm and 46.9 kg for Turtle B, and 63.0 cm and 43.2 kg for Turtle C, respectively. The data logger was attached to the center of the carapace of each turtle with epoxy bond to record the motion of the turtles in the longitudinal, transverse, and vertical directions (Fig. 2) . Turtle A was allowed to swim freely in a tank (10 × 10 × 3 m) at the Ishigaki Tropical Station, Seikai National Fisheries Research Institute, Fisheries Research Agency of Japan. This de ployment was replicated 4 times to obtain motion data for about 40 to 180 min; only 1 turtle was used because this species is endangered and thus the number of experimental turtles was limited. Each trial was conducted on different days. At the start of each trial, the data logger was attached to the turtle carapace and was recovered from the turtle after the experiment. Turtles B and C were released off the Aragusuku Islands of the Yaeyama Archipelago, Okinawa, Japan (24°21' N, 123°95' E). We succeeded in recovering the data logger from only 1 turtle (Turtle B) using a time-release system (Watanabe et al. 2004) ; the data logger was recovered 77 min after Turtle B was released into the ocean. In this system, the data logger automatically detaches from the turtle and floats to the sea surface at a predefined time. The data logger is then recovered using VHF transmitters and a Yagi antenna.
Data analysis
Data obtained by the data loggers from Turtles A and B consisted of periods of steady swimming, resting, and breathing (defined as raising the head at the sea surface to breathe and then diving toward the sea bottom). We analyzed data obtained during steady swimming and breathing in both sea turtles. The resting period was omitted from the analysis because the gyro method had advantages over the conventional method when the turtles were moving. Data were analyzed using MATLAB and Igor Pro 6.22A (WaveMetrics). A consecutive 10 s period of steady swimming and a consecutive 10 s period of breathing were selected from the data of Turtle A, and 5 different periods for these behaviors on each experiment day were analyzed. A consecutive 10 s period was used for the steady swimming of Turtle A because this turtle was not always swimming continuously for long periods in the captive environment. A consecutive 30 s period of steady swimming and a consecutive 10 s period of breathing were selected from the data of Turtle B, and 5 different periods for each behavior were analyzed. Attitude (°) and dynamic acceleration (g) of the sea turtles were determined both by the gyro and conventional methods. For the conventional method, both the frequency-based filtering method and the running mean smoothing method were used to determine the gravity-based acceleration. In the frequency-based filtering method, lowpass filtering was applied using mean power stroke frequency (Hz) as the cut-off frequency (Tanaka et al. 2001 . Mean power stroke frequency was assumed to be the peak frequency in the PSD (g 2 Hz -1
)(see Fig. 6a ,e). In the running mean smoothing method, a running mean period of 3 s was used following Shepard et al. (2008a) . Although the dominant stroke period was > 3 s for Turtle A (mean ± SD: 0.26 ± 0.02 Hz mean power stroke frequency) and < 3 s for Turtle B (0.51 Hz mean power stroke frequency), the same running mean period (3 s) was used for both turtles for simplicity. Gravity-based acceleration and attitude were compared using the RMS of the difference between the gyro and conventional methods. A 1-sided 95% confidence interval (lower side value) of the RMS for the difference between the gyro and conventional methods was calculated, and the difference was significant if 0 was not included in the confidence interval. PSD was also calculated from the gravity-based acceleration determined by the gyro and conventional methods, and the raw acceleration in the longitudinal direction. Variation of the ODBA (g) depending on the period of the running mean (0 to 4 s) was compared with the ODBA obtained by the gyro method.
RESULTS
Total deployment durations of the data loggers on the experimental turtles were 95, 38, 150, and 180 min for Turtle A, and 77 min for Turtle B (as noted in 'Materials and methods', we failed to recover the data logger from Turtle C). The calculated RMS showed significant differences (mean ± SD: 0.034 ± 0.012 g) in the gravity-based acceleration of steady swimming between the conventional and gyro methods in all directions (longitudinal, transverse, and vertical) in both the tank and open-sea experiments (Table 1, Fig. 4a,c) . Significant differences (1.964 ± 1.090°) in the RMS of attitude (pitch, roll, yaw) were observed in steady swimming be tween the conventional and gyro methods (Table 1, Fig. 4b,d ). Careful examination of the measurements obtained by the gyro method in both experiments revealed a small fluctuation concurrent in the gravity-based accelerations and attitude with the turtle's power stroke (Fig. 4) . Attitude fluctuations concurrent with the power stroke were also reflected in the raw angular velocity measured by the gyroscope (Fig. 5) . Conversely, the conventional method (both low-pass filtering and running mean smoothing methods) removed these fluctuations in the gravity-based acceleration (Fig. 4) . This was also apparent in the differences in the calculated PSD based on the gravity-based accelerations estimated by the gyro and conventional methods, and the raw ac celeration in the longitudinal direction. The peak of the mean power stroke frequency, found in the PSD based on the gyro method and raw acceleration, was not apparent in the PSD based on low-pass filtering and smoothing (Fig. 6) . The ratios of the intensity of mean power stroke frequency in the PSD of the gravity-based accelerations by the gyro method, low-pass filtering, and smoothing to the intensity of mean power stroke frequency in the PSD of the raw accelerations were 1.06 ± 0.100, 0.31 ± 0.24, and 0.10 ± 0.05 for Turtle A, and 1.01, 0.01, and 0.04 for Turtle B, respectively. The calculated RMS for the gravity-based acceleration and attitude between the conventional and gyro methods was larger during breathing (0.048 ± 0.017 g and 2.951 ± 2.146°, respectively) than during steady swimming (Table 1) , although the dif ference was smaller in the low-pass filtering than in the smoothing (0.043 ± 0.013 g and 2.63 ± 1.950° for low-pass filtering, and 0.052 ± 0.020 g and 3.274 ± 2.350°f or smoothing) ( Table 1) . A sig nificant difference in the ODBA was observed between the gyro and conventional methods (p < 0.01, paired, 2-tailed t-test) for steady swimming and breathing (Turtles A and B) ( Table 2 ). The running mean period at which the ODBA value was similar to that of the gyro method was < 0.1 s (Fig. 7) .
DISCUSSION
We developed the gyro method to estimate attitude and dynamic acceleration of aquatic animals with high precision and temporal Turtle A resolution using a gyroscope, a conventional accelerometer, and a magnetometer. We app lied the system to free-moving green sea turtles (both in captivity and in the wild) to demonstrate its utility as well as the limitations of the conventional method. To the best of our knowledge, this is the first study to apply a gyroscope to aquatic animals.
Attitude and dynamic acceleration of free-moving green sea turtles were determined both by conventional and gyro methods. Assuming that accurate attitude changes would be obtained by the gyro method, the significant differences in the RMS of gravity-based acceleration and attitude between the gyro and conventional methods (0.034 ± 0.012 g and 1.964 ± 1.090° for steady swimming, and 0.048 ± 0.017 g and 2.951 ± 2.146° for breathing) indicate that the conventional method did not reconstruct the true attitude changes of the sea turtles. This, in turn, indicates that dynamic ac cel eration calculated by the conventional method was inaccurate because the calculation was based on the calculated attitude. Although these differences were not very large in the A typical profile of the power spectral density calculated for (a,e) raw acceleration, (b,f) gravity-based acceleration determined by the gyro method, and gravity-based acceleration determined by the conventional method (c,g) with low-pass filtering and (d,h) running mean smoothing, in the longitudinal direction, from the data of (a−d) Turtle A and (e−f) Turtle B experimental green sea turtles, the error of estimating true dynamic acceleration and attitude depends on the types of animal movement (i.e. steady or unsteady locomotion) and the size of animal (i.e. large or small or ganisms). For example, during un steady locomotion such as fast-start movement in fish (e.g. Domenici & Blake 1997) , the error of estimating true dynamic acceleration and attitude by the conventional method will become larger because the attitude change is much faster than during steady locomotion. Larger animals such as whales generally exhibit relatively small rates of attitude change compared to smaller animals such as penguins (e.g. Fish 1999), thus showing smaller errors when estimating dynamic acceleration and attitude with the conventional method. Note that sampling frequency of measuring movements should also be an important parameter for estimating ac curate movement depending on the types of animal movement and animal size, although this is not the focus of the present study. The advantage of using gyroscopes lies in their ability to clearly reconstruct any attitude change (and there fore dynamic acceleration), without using the vague criteria involved with low-pass filtering and running mean smoothing. Gravity-based acceleration changed concurrently with the power stroke of the turtles, as shown in the reconstructed attitude by the gyro method (Fig. 4) and the raw gyroscope measurements (Fig. 5) during steady swimming. Based on our personal observations of sea turtle swimming, the attitude of sea turtles without data loggers also fluctuates concurrently with their power stroke. There fore, the fluctuation in attitude was not caused by attaching the data logger. Applying low-pass filtering or running mean smoothing to accelerometer measurements has been commonly used to determine attitude changes in aquatic animals (e.g. Tanaka et al. 2001 , Wilson et al. 2006 , Shepard et al. 2008a . However, in the present study, both frequency-based filtering and running mean smoothing methods removed the fluctuations of gravity-based acceleration (and attitude) concurrent with the power stroke (Fig. 4) . The cut-off frequency for low-pass filtering was set at the mean power stroke frequency, and thus changes in attitude at frequencies higher than the mean power stroke frequency were overlooked. For the running mean smoothing method, a running mean period of 3 s was probably still too large to sample the attitude change concurrent with the power stroke of the experimental sea turtles, which showed a power stroke frequency range of 0.3 to 0.5 Hz. The larger difference in the RMS of attitude and gravity-based acceleration between the gyro method and the conventional method for breathing than for steady swimming may have been due to the larger change in attitude during breathing. Although low-pass filtering using a mean power stroke frequency as the cut-off frequency was better than smoothing using a 3 s running mean period for following the change in attitude during breathing, the result depends on the cut-off frequency and running mean period chosen (see Fig. 7 for the Table 2 . Chelonia mydas. Overall dynamic body acceleration (ODBA) (mean ± SD) determined by the gyro and conventional methods (running mean smoothing and low-pass filter methods) for steady swimming (st. swimming) and breathing Fig. 7 . Chelonia mydas. A typical profile of overall dynamic body acceleration (ODBA) variability based on different running mean periods (0 to 4 s), calculated from the acceleration of steady swimming (black broken line) and breathing (black solid line) from the data of (a) Turtle A and (b) Turtle B variability in ODBA values with different running mean periods). Although it would be possible to estimate most attitude changes if the cut-off frequency of the low-pass filter and the running mean period are tuned cor rectly, the criteria for selecting these values are vague, and it is very difficult to set the correct value without true attitude change information. Additionally, filtering and smoothing are usually applied to all acceleration data with a fixed cut-off value or a running mean period, and thus attitude changes can be underestimated or over estimated depending on animal movement. ODBA was significantly different be tween the conventional and gyro methods. This may be because it was impossible to determine accurate gra vity-based acceleration by the conventional method, whereas the gyro method more accurately estimated gra vitybased acceleration. In the present study, the running mean period at which the ODBA value was similar to that of the gyro method was < 0.1 s; this differs from previously used values (1 to 3 s) (e.g. Wilson et al. 2006 , Shepard et al. 2008b . Although ODBA is a very powerful and easy method to estimate energy expenditure in the field, this result suggests that the dynamic acceleration defined in previous studies in a power stroke context does not reflect the true moving acceleration in a physical sense because the gravitybased acceleration change concurrent with the power stroke was overlooked in the experimental sea turtles in this study. However, because ODBA is a relative proxy for oxygen consumption (e.g. Wilson et al. 2006 , Halsey et al. 2009 , Gleiss et al. 2010 , mis determining dynamic acceleration by neglecting gravity-based acceleration concurrent with the power stoke probably has little effect on the relationship, as long as the movement is steady and the same criteria for filtering or smoothing are used. However, if the movement is not steady, the error in the dynamic acceleration estimate will be larger, and the relationship between muscle biochemistry and ODBA might be also different (Gleiss et al. 2011) .
Behaviors such as foraging and escape often require rapid changes in motion (e.g. Harper 1991 , Domenici & Blake 1997 , Domenici et al. 2004 , Maresh et al. 2004 , Cheneval et al. 2007 ), which should involve rapid changes in attitude and dynamic acceleration. Although the kinematics of foraging and escape in fish and mammals have been widely studied (e.g. Harper 1991 , Domenici & Blake 1997 , Domenici et al. 2004 , Maresh et al. 2004 , Cheneval et al. 2007 , evaluations of such behaviors have been mostly limited to laboratory studies using high-speed cameras. Studies measuring escaping and foraging performances in the field are scarce, particularly on a 3-dimensional scale. This scarcity is partly attributable to the difficulty of implementing high-speed camera systems in the field. Measuring movement in the field will reveal how the performance capacity of animals is utilized in nature, providing important insight into how performance is related to fitness (e.g. Irschick 2003 , Domenici et al. 2007 ). In a laboratorybased setting, maximum acceleration, turning radius, and movement direction during foraging and escape have been important para meters for evaluating the performance of movement (e.g. Harper 1991 , Domenici & Blake 1997 , Domenici et al. 2004 , Maresh et al. 2004 , Cheneval et al. 2007 ). Measuring such parameters during foraging and es cape using animalattached data logging systems requires dynamic acceleration and attitude information in addition to speed information; however, the conventional method using only an accelerometer and magnetometer cannot determine accurate gravity-based acceleration. Because the accuracy of the gravity-based acceleration (hence pitch and roll) estimate affects the accuracy of the yaw estimate in the conventional method (our Fig. 3 ; Caruso 2000), attitude and dynamic acceleration measurements by the conventional method might be underestimated or overestimated depending on the values used for low-pass filtering or running mean smoothing. If the error of estimating attitude and acceleration is a consistent underestimate or overestimate in the unsteady movements, the trend of error will be the same. However, the error trend might be different depending on the types of movement, and the true value is needed to establish a link between the error trend and the true value in different types of movement, while some behavior will be difficult to measure in the laboratory. Thus, applying the gyro method will be most effective for monitoring the kinematics of such be havior (e.g. maximum acceleration, turning radius, and movement direction) in the field because the gyro method estimates more precise attitude and dynamic acceleration at high temporal resolution in 3-dimensional space. Angular velocity measured by the gyroscope itself is also an important parameter to evaluate the performance of movements. Furthermore, other complicated motions in the aquatic environment, such as interactions of endangered species with fishing gear, can be monitored using the gyro method.
Although the gyro method determines attitude and dynamic acceleration more accurately than the conventional method, it has limitations in terms of battery, data storage (memory), and size of the data logger compared to a data logger with only an accelerometer and magnetometer. Incorporating more sensors requires more battery consumption and space. If the battery is larger, the recording duration increases as long as there is enough memory, but the larger size of the data logger limits the animals to which it can be applied to relatively large animals. Small-sized memory cards with large data storage (e.g. 16, 32, 64, or 128 GB micro-SDHC or micro-SDXC card) are readily available and can generally accommodate the number of data points obtained by sensors (e.g. with 9 channel sensor outputs, each channel represents numerical values using 4 bytes after digital conversion; if data are recorded with 100 Hz sampling frequency for 1 d, at least 0.29 GB is required in the case of binary). Thus, the bottleneck is more likely to be energy efficiency and battery and sensor size than storage capacity. Therefore, although future technology may allow the use of lower power and smaller-sized sensors as well as more energy-efficient batteries, the current use of a gyroscope in animal-attached data logging system studies will be mostly limited to biomechanics studies that require a relatively short recording duration. Multi-schedule systems (e.g. 2 h of recording per day for multiple days) will increase the total recording days despite the short recording period each time; hence, they could be used for sampling long-term kinematics and behavior in aquatic animals. 
